Abstract. Interventions targeting adult mosquitoes are used to combat transmission of vector-borne diseases, including dengue. Without available vaccines, targeting the primary vector, Aedes aegypti, is essential to prevent transmission. Older mosquitoes ( 7 days) are of greatest epidemiological significance due to the 7-day extrinsic incubation period of the virus. Age-grading of female mosquitoes is necessary to identify post-intervention changes in mosquito population age structure. We developed models using near-infrared spectroscopy (NIRS) to age-grade adult female Ae. aegypti. To determine if diet affects the ability of NIRS models to predict age, two identical larval groups were fed either fish food or infant cereal. Adult females were separated and fed sugar water ± blood, resulting in four experimental groups. Females were killed 1, 4, 7, 10, 13, or 16 days postemergence. The head/thorax of each mosquito was scanned using a near-infrared spectrometer. Scans from each group were analyzed, and multiple models were developed using partial least squares regression. The best model included all experimental groups, and positively predicted the age group ( or 7 days) of 90.2% mosquitoes. These results suggest both larval and adult diets can affect the ability of NIRS models to accurately assign age categories to female Ae. aegypti.
INTRODUCTION
Dengue viruses (DENVs) cause more human morbidity and mortality worldwide than any other arthropod-borne virus, 1, 2 with an estimated 390 million infections per year. 3 The principal vector, Aedes aegypti, is highly anthropophilic, feeding almost exclusively on humans during daylight hours, and traveling only short distances to obtain blood meals. 4, 5 Currently, no vaccines or chemotherapeutic treatments are available for dengue infections, and therefore controlling the vector is the only available method to prevent transmission. After imbibing an infective blood meal, it takes approximately 7-12 days for a female Ae. aegypti to become infectious, 6 while the virus undergoes its extrinsic incubation period. Therefore, older mosquitoes (those 7 days) are considered to be of the greatest epidemiological importance. When using insecticide to control mosquito populations, it is expected that the age structure of the population will change, with a greater proportion of mosquitoes being younger ( 7 days) following the intervention. As the geographical range of dengue transmission has increased, however, threats to the efficacy of dengue vector-control strategies have increased, with insecticide resistance emerging in many dengue-endemic countries. [7] [8] [9] [10] [11] [12] [13] To evaluate the efficacy of current control strategies, it is important to assess their impact on the age structure of the population. We currently lack a rapid, easy and cost-effective way to determine the biological age of mosquitoes.
Several strategies have been used in the past for determining the physiological age of both malaria and dengue vectors. Dissection of the ovaries can indicate whether a female has laid eggs (parous) or not (nulliparous), 14 as well as estimate the number of gonotrophic cycles the female has undergone. 15 Though these procedures give an indication of the number of complete blood meals the female has taken in its lifetime, they do not accurately predict the biological age of the mosquito. These procedures are also slow, labor intensive, and require specially trained technicians.
Another technique involving analysis of the cuticular hydrocarbons of female mosquitoes can provide an estimate of biological age, [16] [17] [18] although the accurate use of this method requires information about environmental factors that are not always easily obtained. A laboratory assay has also been developed to identify the age of field-collected Ae. aegypti through transcriptional profiling, [19] [20] [21] but as with many molecular assays, it requires specially trained technicians and can be costly. With the skills, time, and resources required for these techniques, it has not previously been possible to analyze the large number of mosquitoes required to evaluate the effectiveness of an intervention in shifting the age structure of target mosquito populations.
Recently, the use of near-infrared spectroscopy (NIRS) has improved our ability to quickly and accurately age-grade anopheline mosquitoes. 22, 23 This technique is rapid, nondestructive, and requires little technical training. Using a spectrometer, the absorption of specific wavelengths of light by the head and thorax of the mosquito is measured, indicating changes in the composition of C-H, N-H, and O-H functional groups over the course of the mosquito life span. Recent studies have shown NIRS models can accurately predict young ( 7 days) and old ( 7 days) Anopheles spp. correctly 78-89% of the time. 23 If applied to Ae. aegypti, NIRS could readily be used in the field to determine the effectiveness of interventions by identifying if a shift in the age structure of a population has occurred.
Herein, we evaluate the ability of NIRS to accurately identify the age group (young versus old) of female Ae. aegypti. The predictive ability of NIRS can decrease in situations where laboratory-reared insects obtain different larval nutrition. 24 The natural variations in larval and adult diets that occur in field-collected mosquitoes will likely also affect the ability of NIRS models (calibrated using laboratory-reared mosquitoes) to accurately identify the age group of fieldcollected mosquitoes. To test the hypothesis that diet contributes to changes in near-infrared spectral scans of female Ae. aegypti, we raised larvae on two distinct diets: fish food and infant cereal plus yeast. Adults from each larval group were *Address correspondence to Kelly Liebman, Division of Parasitic Diseases and Malaria, Entomology Branch, Centers for Disease Control and Prevention, 1600 Clifton Rd NE, MS-G49, Atlanta, GA 30329. E-mail: wuq4@cdc.gov then fed either sugar water alone or sugar water plus blood. Our findings highlight some of the challenges that arise when translating the use of NIRS for age-grading Ae. aegypti from the laboratory to the field.
MATERIALS/METHODS
Mosquitoes. Eggs of the insecticide-susceptible New Orleans laboratory strain of Ae. aegypti were hatched in trays of deionized water and maintained under normal insectary conditions at the Centers for Disease Control and Prevention in Atlanta, GA (26 C, 60% humidity, 12:12 hour day:night lighting with 30-minute dawn/dusk periods). On hatching, first larval instars were separated into pans of approximately 150 larvae per tray (Figure 1) . Half of the larval trays were provided nutrition from ground fish food (Staple Diet Koi Food, Doctors Foster and Smith, Rhinelander, WI; 40% minimum crude protein, 10% minimum crude fat, 4% maximum crude fiber), while the remaining pans were fed a combination of infant cereal (Nestum, Nestle Corporation, Glendale, CA; 13 g carbohydrate, 1 g protein, and 0 g fat per serving) and yeast in a 3:1 ratio. Food was provided daily, and water was cleaned every other day until pupation. Pupae were removed from trays each day and placed into cages marked with emergence dates. Every 24 hours, un-emerged pupae were placed in a new cage. Adults were offered sugar water (10% corn syrup solution), and a subset was additionally fed on rabbit blood. Rabbit blood was offered twice per week via direct feeding, and engorged females were placed in new cages and allowed to oviposit in paper-lined cups. These different larval and adult diets resulted in four distinct experimental groups of adult females: infant cereal plus yeast and sugar (IC_S), infant cereal plus yeast, sugar, and blood (IC_S+B), fish food and sugar (FF_S), and fish food, sugar, and blood (FF_S+B).
Previous studies have indicated that preservation in RNAlater is an effective means to preserve mosquitoes for later analysis by NIRS. 23, 25 Therefore, IC_S and FF_S females were knocked down with chloroform and stored in 1.5-mL tubes containing RNAlater on days 1, 4, 7, 10, 13, and 16 postemergence. Individuals from the FF_S+B and IC_S+B cohorts were knocked down and stored in RNAlater on days 4, 7, 10, and 13 postemergence. To allow the RNAlater to fully penetrate the samples, the tubes of mosquitoes containing RNAlater were initially stored at 4 C overnight and then kept at −20 C for up to 1 month before scanning. A maximum of 20 mosquitoes were stored in each tube.
Scanning. Immediately prior to scanning, mosquitoes were removed from tubes and laid on a paper towel to allow residual RNAlater to be absorbed. Tubes of mosquitoes representing all experimental groups and age cohorts were scanned in random order, with approximately 20 mosquitoes per tube scanned at a time. Mosquitoes were scanned using a LabSpec 4 near-infrared spectrometer (ASD Inc., Boulder, CO). Mosquitoes were positioned on their side on a white Spectralon base, with the bifurcated fiber-optic probe approximately 2.4 mm above the base. Individual mosquito heads and thoraces were then positioned under the probe, and the instrument measured the absorbance of light, collecting 20 spectra that were averaged, saved, and displayed using the ASD software Indico ™ Pro version 6.0 22 ( Figure 2 ). Statistical analysis. Data from the resulting spectra were saved as .asd files, which were converted to .spc files for (absorbance) and wavelength as the x-axis. These .spc files were then imported into GRAMS IQ to develop and test several different calibration models.
Models were developed separately for IC_S, IC_S+B, FF_S and FF_S+B (Tables 1 and 2 ). Each experimental group of mosquitoes was separated into a calibration set and a validation set. The validation set was created by removing a subset of nine individual mosquito scans from each experimental group and age cohort. A model was also developed by combining all experimental groups. Each calibration from each experimental group of mosquitoes was also used to predict all other mosquitoes from other experimental groups. Since each experimental group was reared separately, these were considered as independent test sets. 26 For each group of data, GRAMS IQ software was used to perform partial least squares (PLS) regression on the spectra in the 700-to 2,350-nm region. No color differences were expected between groups, thus the region below 700 nm was excluded. The region above 2,350 nm was noisy due to lack of sensor sensitivity, and thus this region above 2,350 nm was also excluded. Models were developed using a "leave-oneout" cross-validation method in which one sample from the calibration set is removed while the remaining samples in that set are used to develop an equation that will predict the removed sample. This process is repeated for each sample, and the best overall equation for predicting all samples is selected. The number of factors used to determine the "best" model for each calibration set was determined using the predicted residual error sum of squares (PRESS) and by viewing the regression coefficients ( Figure 3) . The best models for each data set contained eight factors based on these graphs, and these models were then used to predict the actual age of the validation and test sets using IQ Predict, a component of the GRAMS software suite. If more factors are selected, then the regression coefficient plot becomes noisy, indicating the model is over fitted. Specific age predictions for each mosquito were estimated using the best models, with the mean and 95% confidence intervals of the predicted ages reported in Table 1 . In addition, the ability of the models to detect young and old mosquitoes was tested. Predicted ages of 7 days were categorized as "young," and the percentage of individuals with predicted and actual ages 7 days was calculated. The same analysis was performed for "old" ( 7 days) individuals.
RESULTS

Mosquitoes.
A total of 805 female Ae. aegypti mosquitoes, with 39-41 individuals of each age in each experimental group, were analyzed. Visual inspection of mosquitoes indicated that adult females fed infant cereal plus yeast as larvae were larger than those fed fish food, possibly due to the higher level of carbohydrates provided by the infant cereal plus yeast larval diet. No visual differences were observed between adults fed sugar versus those offered both blood and sugar.
Statistical analysis. The eight-factor calibration models were used to predict the ages of all samples (Table 1) . Overall, the models were able to predict the age of mosquitoes 4, 7, and 10 days old within 2 days, but very young (1-day old) and very old (13-and 16-day old) mosquitoes are less accurately predicted. When assessing the ability of the models to predict young versus old mosquitoes, the model containing all experimental groups detected the correct age group of the mosquito 90.2% of the time (Table 2 ). Though other models were able to predict validation or independent test set age groups with varying degrees of accuracy, the model containing all groups provided the most accurate overall result. The PRESS and regression coefficients (Figure 3 ) for this model demonstrate that the model is appropriate for the data, and that the data has not been over fit. The peaks in this regression coefficient plot are similar to those reported by Mayagaya and others, 22 indicating that similar wavelengths, and thus similar functional groups, are used in the classification models.
Interestingly, the predicted mean ages (Table 1) as well as the actual versus predicted plot (Figure 4 ) demonstrate that the sensitivity of any of these models to predict the exact age of the mosquito diminishes past the age of 10 days. Indeed, the highest mean prediction for a 16-day-old mosquito was only 12.5 days (Table 1) , (IC_S+B). Fitting a second degree polynomial trendline to the data provided the best fit (Figure 4) . The predicted ages (Table 2 ) and actual versus predicted age plot were similar for both the cross-validation output ( Figure 4A ) as well as the samples removed from the model for validation 
DISCUSSION
In this study, we assessed the ability of NIRS to effectively distinguish between young and old Ae. aegypti. This tool has been used to estimate the age of malaria vectors such as Anopheles gambiae, 22,23 but had not previously been applied to dengue vectors. The ability to accurately determine the age of adult female Ae. aegypti is important for evaluating the impact of vector control interventions. 27 The current available methods for age-grading are time consuming, difficult, and often costly, limiting their widespread applicability in the field. The availability of a fast, high-throughput, and simple technique to determine shifts in the age structure of mosquito populations will allow for more comprehensive evaluations of intervention impacts.
The effect of larval diet on adult mosquitoes was evident in comparing the near-infrared spectra of the two experimental groups that received different sources of larval nutrition. In addition, the larvae that had been provided infant cereal plus yeast were notably larger as adults than those fed fish food. In the field, variation in larval diet is very common. Ae. aegypti oviposit in any available water-holding containers, 28 and the presence of nutrients in these containers varies, which can impact the size of the resulting adult mosquitoes. The difference between adults fed only sugar versus sugar and blood was also evident, based on the predictive ability of models including and excluding blood-fed mosquitoes for calibration (data not shown). When creating future calibration data sets for determining young versus old mosquitoes in the field, mosquitoes with varying larval and adult diets should be included to increase the resolution of the predictive ability of the model.
The best model developed herein included all four experimental groups, and predicted young and old mosquitoes effectively 79.7% and 96.6% of the time, respectively. Interestingly, though models predicted 10-day and older mosquitoes as old, none of the models were able to differentiate between 10-, 13-, or 16-day-old mosquitoes. This indicates that the measured functional groups between 700 and 2,350 nm change over time, but this change diminishes once mosquitoes reach a certain age. The cross-validation data from GRAMS show the nonlinear relationship of the predicted data. However, because a cutoff of 7 days is most appropriate for assessing a dengue vector's potential for virus transmission, the inability of NIRS to distinguish between 10 and 16 days would not have epidemiological significance for Ae. aegypti.
Although the application of NIRS for age-grading Ae. aegypti appears to be complex, these results are nonetheless encouraging. Focusing on categorizing mosquitoes as either young ( 7 days) or old ( 7 days) increases the predictive power of the models while maintaining epidemiological relevance. To successfully transfer this technique from the laboratory to the field, it will be necessary to develop calibration models that include mosquitoes with varying nutritional backgrounds. Because of the use of 7 days as the cutoff for young versus old, it is also important to look at different-aged mosquitoes that do not include 7-day-old females (i.e., days 1, 3, 6, 9, 12, and 15). Doing so will further refine the sensitivity of NIRS models to accurately categorize the age of fieldcollected Ae. aegypti. Future studies using field-collected pupae from natural habitats will further elucidate the ability of this technique to accurately determine the age group of field-collected female mosquitoes.
